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limitations were highlighted. Value-added by-product from glycerol-free production such as triacetin 
is more profitable compared with glycerol produced in conventional biodiesel production. Furthermore, 
the quality of biodiesel could be enhanced with the presence of triacetin, which is co-produced in 
Keywords: supercritical methyl acetate transesterification reaction. However, there are concerns regarding the huge 
eee! energy required to conduct supercritical reaction at elevated temperature and pressure. Hence, economic 
IEEE SE a consideration in terms of equipment needed and profit margin were discussed in order to study the 

Supercritical fluids a e RT ; . : 
profitability of glycerol-free supercritical biodiesel production in the industry. Results showed that 


Transesterification as i 8 D one 
glycerol-free supercritical dimethyl carbonate process has the highest profit margin, indicating that it is 
economically competitive and could provide larger revenue to biodiesel producers. 

© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 
Sustainable economic development depends substantially on 
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amount of energy sources to accommodate their daily activities. 
Currently, the main energy sources employed by these sectors are 
non-renewable fossil fuels such as petroleum, coal and natural gas 
which inevitably lead to cost escalation and depletion in these 
natural resources. Furthermore, extensive combustion of fossil 
fuels also causes detrimental effects to the environment due to 
excessive emission of hydrocarbon particulates and greenhouse 
gases such as CO2, NOx, O3 and CH, which leads to air pollution 
and global warming, respectively. Therefore, with alarming envir- 
onmental degradation phenomenon and increasing awareness 
among the public regarding harmful effects of employing fossil 
fuels, researchers throughout the world have been focusing on 
developing a renewable, sustainable and clean source of energy to 
replace these natural resources. 

One of the most researched renewable energy with enormous 
potential and prospect to be the main source of clean energy is 
biodiesel. Biodiesel is considered to be an environmental friendly 
source of energy because it is made from renewable sources and 
because of its lower emissions compared to fossil fuels. Biodiesel is 
derived from oil-bearing crops which absorb carbon from the atmo- 
sphere during photosynthesis process. Therefore, biodiesel has the 
potential to alleviate harmful emission during combustion process 
compared to fossil fuels as reported by Kumar and Nerella [1] that 
exhaust emissions in terms of CO, SO» and CO, compounds 
decreased with the increment of biodiesel percentage in biodiesel- 
diesel blend. Therefore, biodiesel could address the issue of energy 
security and sustainability without compromising our environment. 

Refined vegetable oil or even waste cooking oil is commonly 
employed as the source of the triglycerides (TG) to produce 
biodiesel through transesterification reaction with alcohol in an 
alkaline homogenous catalytic system. The most common homo- 
geneous catalysts are sodium hydroxide (NaOH) and potassium 
hydroxide (KOH). However, these processes may cause unwanted 
saponification reaction with free fatty acid which decreases 
catalyst efficiency and biodiesel yield [2,3]. Other than that, these 
processes may have to couple with an alkaline waste-water 
treatment in their production plant. Otherwise, untreated waste 
stream released to the drain could cause adverse effects to the 
ecosystems. Therefore, numerous methods have been carried out 
to solve these problems, such as heterogeneous catalysts [4], 
lipase-catalyzed transesterification [5] and non-catalytic super- 
critical alcohol transesterification [6,7]. Among these methods, 
non-catalytic supercritical fluid transesterification has been found 
to have numerous advantages of being simpler, producing higher 
yield in a short period of time and easier purification in biodiesel 
production. 

Recently, biodiesel production from vegetable oils has been 
extensively studied via supercritical fluid transesterification. This 
novel technology of converting vegetable oil to biodiesel via non- 
catalytic supercritical alcohol was initially reported by Saka and 
Kusdiana [6]. The overall transesterification reaction for TG with 
3 mol of methanol is shown in Eq. (1). Transesterification reaction 
refers to a common process of exchanging acyl (RnCO~) group 
between fatty acid and alcohol. In this reaction, methanol is the 
acyl acceptor of group found in triglycerides to form fatty acid 
methyl esters (FAME) and glycerol: 


Triglycerides + 3Methanol< 3FAME + Glycerol (1) 


It is well known that supercritical methanol process has high 
reaction rate which allows the reaction to be completed in a short 
period of time. It is also simpler in its products separation and 
purification procedure as there is no catalyst in the system. 
By using supercritical reaction, the existence of high free fatty 
acids (FFA) and water content in oils/fats do not affect the yield or 
conversion. Instead, it was found that they enhance the formation 
of methyl esters as the FFA were also converted to methyl esters as 


reported by Kusdiana and Saka [8] and Tan et al. [9]. Hence, waste 
cooking oil which commonly consists of high FFA percentage and 
water could be employed in supercritical fluid transesterification 
method without any pre-treatment [10]. This finding shows the 
superiority of supercritical alcohol technology in producing bio- 
diesel compared to conventional methods which require pre- 
treatment of oils to reduce the water content. 

Biodiesel production has experienced a major surge in devel- 
oped countries such as Germany, Italy, France and United States, as 
well as in developing countries such as Argentina, Indonesia and 
Malaysia. Biodiesel production in the world increased substantially 
from 2.2 million tons in 2002 to an estimated 11.1 million tons in 
2008 [11]. In biodiesel production, crude glycerol is the major by- 
product from the conventional transesterification with the amount 
produced is approximately 10 wt% of oils/fats employed in the 
reaction | 12]. Consequently, with the huge production of biodiesel 
throughout the world, excessive crude glycerol has been produced 
which leads to significant price decline in the world's market | 13]. 
Other than that, the major problem with glycerol in biodiesel 
production is the contamination of methanol which makes it 
unsuitable to be processed for consumer market. The only treat- 
ment that could refine crude glycerol to pharmaceutical grade is 
by employing high temperature low pressure distillation [14] 
which is very costly and uneconomical for this low cost commod- 
ity. Even in supercritical alcohol transesterification [15-19], this 
unprofitable crude glycerol will be produced together with bio- 
diesel. Therefore, in order to improve the economics of biodiesel 
processing as well as to eliminate waste glycerol in the production 
stream, some alternative methods need to be carried out, either 
replacing or transforming crude glycerol into other value-added 
commodities [20-23]. 

One of the methods is by employing non-alcohol reactant in 
the reaction which could produce other invaluable by-product 
instead of the unwanted glycerol. Glycerol-free process via super- 
critical fluid transesterification was initially reported by several 
researchers [21,24,25] by replacing the reactant of alcohol in 
conventional supercritical transesterification with methyl acetate 
and dimethyl carbonate. This breakthrough research had initiated 
a lot of researches in this glycerol-free process via supercritical 
fluid transesterification for biodiesel production. Therefore, this 
study aims to review recent progress of glycerol-free supercritical 
fluid processes including single-step and two-step reaction for 
biodiesel production and subsequently highlights their advantages 
and weaknesses. Apart from that, economic analysis will also be 
discussed in order to examine the profitability as well as potential 
of glycerol-free supercritical biodiesel production in the industry. 


2. Glycerol-free process via supercritical fluid technology 


Glycerol-free processes via supercritical fluid technology are 
basically divided into two methods which are single-step and two- 
step supercritical fluid transesterification. In single-step supercritical 
fluid transesterification, reaction takes place only once after the 
heating of reactant up to its critical temperature and pressure with 
TG. In two-step subcritical-supercritical fluid transesterification, TG is 
first induced to FFA and by-product in the hydrolysis reaction. 
Subsequently, the obtained FFA undergone esterification reaction 
and produce FAME in supercritical fluid reaction. In this two-step 
supercritical method, reaction condition is relatively milder with 
lower operating temperature and pressure. 


2.1. Single-step supercritical fluid 


It is well known that supercritical fluid transesterification 
reaction requires high temperature above the critical temperature 
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of reactant. Dimethyl carbonate (DMC) and methyl acetate (MA) 
are commonly used as the reactant in single-step glycerol-free 
supercritical fluid process. The critical pressure and critical 
temperature of DMC are 4.63 MPa and 274.9 °C, respectively [26]. 
On the other hand, the critical pressure and temperature of MA are 
4.69 MPa and 233.7 °C, respectively. Other than MA, various types 
of carboxylate esters had been utilized by Goembira et al. [27] to 
produce glycerol-free biodiesel. 


2.1.1. Dimethyl carbonates as the reactant 

In order to revalorize glycerol into glycerol carbonate (GC) 
which is useful in enormous application, dimethyl carbonate 
(DMC) was chosen in one-step glycerol-free supercritical fluid 
transesterification biodiesel production. DMC is a versatile reac- 
tant, non-toxic and biodegradable that could be synthesized via an 
environmentally friendly process [24,26,28]. Ilham and Saka 
reported that TG could be converted into FAME by reacting it with 
DMC. In their study, all experimental works were conducted in a 
5 ml Inconel-625 reaction vessel. In the transesterification reac- 
tion, TG of rapeseed oil was treated with DMC to oil in a molar 
ratio of 42:1 mol/mol in supercritical condition at 350 °C/20 MPa 
within the period of 3-15 min. After the reaction was completed, 
the reaction vessel was then moved into a water bath to stop the 
reaction. The reaction mixture was then separated into upper and 
lower portions after the evaporation of DMC. They concluded that 
transesterification reaction goes through a three stepwise reac- 
tions. Initially, TG reacts with one molecule of DMC to produce 
methyl carbonate diglycerides (MCDG). Then, the MCDG will 
further react with one molecule of DMC to produce dimethyl 
carbonate monoglyceride (DMCMG). Finally, DMCMG again react 
with one molecule of DMC to produce FAME with GC and 
citramalic acid as by-products. The proposed overall transester- 
ification between TG and DMC reaction is shown in Eq. (2). After 
12 min of reaction, rapeseed oil with molar ratio at 42:1 mol/mol 
of DMC to oil that operated at 350 °C/20 MPa was successfully 
converted to FAME, GC and citramalic acid with FAME yield of 94%. 


Triglycerides +3 DMC < 3 FAME + Glycerol carbonate 
+ Citramalic acid (2) 


Lately, Ilham and Saka [28] had carried out an optimization 
study on all the important parameters such as reaction tempera- 
ture, pressure, time, molar ratio of DMC to oil based on the FAME 
yield, thermal decomposition, degree of denaturation, tocopherol 
content, oxidation stability and fuel properties. According to their 
report, reaction pressure gives significant effect on the biodiesel 
yield especially in the SCDMC reaction. This is because DMC could 
decompose to CO and methanol at the low pressure at 5 MPa and 
10 MPa, while remained stable at higher pressure at 20 MPa and 
40 MPa [29]. Therefore, FAME yield as high as 96 wt% could be 
achieved for the operating pressure at 20 MPa and 40 MPa at 
300 °C reaction temperature for 30 min. Other than that, thermal 
stability of methyl esters was evaluated on their exposure at 
various supercritical conditions. From there, saturated FAME such 
as methyl palmitate and methyl stearate were stable at the 
operating temperature at 300°C/20 MPa, however they were 
started to decompose after prolonged reaction time for 60 min at 
350 °C/20 MPa. For the unsaturated FAME such as methyl oleate, 
methyl linoleate and methyl linolenate, they were decomposed 
significantly for the operating temperature at 350 °C/20 MPa [30]. 
Other than that, tocopherol is important to prevent oxidation in 
biodiesel so that it could be stored for a longer time. In their study, 
tocopherol is stable and remained unchanged at milder condition at 
300 °C/20 MPa whereas decrease drastically at severe temperature 
at 350°C/20 MPa. Therefore, the optimum condition for super- 
critical DMC was determined at 300 °C/ 20 MPa, 20 min/42:1 M 
ratio of DMC to oil to have satisfactory 97.4 wt% FAME yield. 


Other than that, Tan et al. [31] also investigated the DMC 
reaction with palm oil as the feedstock of biodiesel via super- 
critical technology. In their study, supercritical DMC reaction was 
carried out in a 12 ml stainless steel Super Duplex™ batch reactor 
which can sustain high temperature and pressure. The working 
temperature and pressure employed in their study were covering 
up to 400 °C and 25 MPa, respectively. Moreover, response surface 
methodology (RSM) analysis was carried out in their studies to 
achieve the optimum conditions of the affecting factors that are 
molar ratio of DMC to oil, temperature and reaction time. The 
mathematical model developed in their report was statistically 
significant and adequate to predict optimum yield for the biodiesel 
production from palm oil with DMC. The optimum condition in 
their supercritical palm oil-DMC process was found to be 380 °C 
for reaction temperature, 39:1 mol/mol of DMC to oil molar ratio 
and 30min of reaction time to obtain 91% optimum yield of 
biodiesel. 


2.1.2. Carboxylate ester as the reactant 

Other than DMC, carboxylate ester such as methyl acetate (MA) 
was initially chosen as reactant in glycerol-free process via single- 
step supercritical fluid interesterification by Saka and Isayama [21]. 
Interesterification refers to a reaction of exchanging acyl group 
between two different ester compounds; in contrast to transester- 
ification which involves exchanging of acyl group between fatty acid 
with alcohol. In their study, it was found that supercritical inter- 
esterification reaction of rapeseed oil with MA without catalyst can 
produce FAME and triacetin (TAG). The supercritical fluid interes- 
terification reaction was carried out at temperature range of 270- 
380 °C and pressure of 20 MPa with reaction time ranging from 10 
to 120 min while the molar ratio was fixed at 42:1 mol/mol of MA 
to rapeseed oil. It was reported that interesterification goes through 
three reversible sequential reactions. First, TG and one molecule of 
MA react, generating one molecule of monoacetylglyceride (MAG) 
and FAME. In the same way, diacetyglyceride (DAG) and FAME are 
generated from MAG and MA. Finally, TAG and FAME are generated 
from DAG and MA. The overall reaction of TG with 3 molecules of 
MA is shown in the following equation: 


Triglycerides + 3Methyl acetate <> 3FAME + Triacetin (3) 


From their results, 97% yield of FAME can be achieved after TG 
react with MA for 45min at 350°C. However, when longer 
reaction period is employed, the yield of FAME was found to be 
lower. Other than that, mixture of FAME and TAG could be 
employed as biodiesel fuel (BDF). In conventional alcohol-based 
transesterification, FAME is the only product for biodiesel fuel 
since glycerol is produced as the unprofitable by-product. As the 
molar ratio of FAME/TAG in product mixture is 3:1 (mol/mol) 
which is equivalent to 4:1 in mass ratio (w/w), the theoretical 
weight of biodiesel (FAME+TAG) is 125%, instead of 100% in 
supercritical methanol transesterification. In their study, they 
achieved the production yield of BDF at 105%, which is higher 
than the maximum BDF yield of 100% (FAME only). In other words, 
there are more BDF that can be produced from one unit of 
rapeseed oil. 

Goembira and Saka [32] also carried out optimization of 
supercritical MA on rapeseed oil on the important affecting 
parameters of reaction temperature, pressure, time and molar 
ration based on the production yield, degree of thermal decom- 
position, cis-trans isomerization and tocopherol content. The 
highest yields of 96.7 wt% of FAME and 8.8 wt% of TAG were 
obtained at operating condition of 350 °C/20 MPa/ 45 min/1:42 oil 
to methyl acetate molar ratio [33]. 

This breakthrough research by Saka and co-workers has initiated a 
lot of subsequent researches in this SCMA technology using different 
vegetable oils feedstock. For instance, Campanelli et al. [34] carried 
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out a study to convert edible, non-edible oils and waste cooking oil to 
biodiesel by using supercritical MA technology. The oils that were 
investigated include soybean, sunflower, Jatropha curcas and waste 
soybean oil. In his study, all experimental works were conducted in a 
100 ml stainless steel vessel equipped with a stirrer. Their reactor was 
able to operate in the pressure range covering up to 10-30 MPa and 
also temperature range with 300-345 °C. The molar ratio of the MA to 
oil was varied between 25:1 and 59:1 mol/mol. A complete conver- 
sion (100%) to FAME was achieved after 50 min at 345 °C, 20 MPa and 
with molar ratio of MA to oil at 42:1. 

Other than that, Tan et al. [35] carried out optimization study for 
production of biodiesel by supercritical MA by using palm oil as 
biodiesel feedstock. In their study, FAME together with the TAG has 
been successfully derived from interesterification reaction. The 
effects of molar ratio, reaction temperature and reaction time on 
the yield of biodiesel were optimized by using response surface 
methodology (RSM) analysis. The optimum conditions were found to 
be 399 °C for reaction temperature, 30:1 mol/mol of MA to oil molar 
ratio and reaction time of 59 min to achieve 97.6% biodiesel yield. 

Next, Niza et al. carried out the SCMA on another oil feedstock 
that is J. curcas oil [36,37]. In their study, a comparison study 
between supercritical methyl acetate (SCMA) and supercritical 
methanol (SCM) was reported. Both reactions were compared 
and optimized by using response surface methodology (RSM) 
analysis. For the SCM reaction, a yield of 89.4% was achieved 
within the reaction time of 27 min, reaction temperature of 358 °C, 
and methanol-to-oil molar ratio of 44. Whereas, for SCMA reac- 
tion, a yield of 71.9% was obtained within the reaction time of 
32 min, reaction temperature of 400 °C and methanol-to-oil molar 
ratio of 50. Other than the optimization study, Niza et al. also 
carried out thermal stability study for methyl esters such as 
methyl oleate and methyl linoleate and triacetin in SCMA reactor 
[37]. In their report, thermal degradation of methyl oleate is 
significant at temperature 390 °C and above, meanwhile methyl 
linoleate significantly degrade at temperature 390 °C to give less 
than 50% recovery. TAG was also found not to be thermally stable 
at temperature 360 °C. Therefore, it is preferable to conduct SCMA 
reaction at temperature lower than 360 °C to give a better quality 
of BDF. Niza et al. had also carried out the effect of impurities such 
as water and FFA in SCMA and SCM reactions [38]. Both reactions 
are showing a high tolerance to the impurities with consistent 
high yield in FAME. Whereas, SCMA reaction had a better advan- 
tage as it produced more valuable by-product which is TAG 
compared to SCM reaction. 

Other carboxylate esters such as methyl propionate, methyl 
butyrate, ethyl acetate, ethyl propionate, ethyl butyrate, propyl acetate, 
propyl propionate, propyl propionate, propyl butyrate, butyl acetate, 
butyl propionate and butyl butyrate had been used as reactant with 
triglyceride to produce fatty acid alkyl esters by Goembira et al. [27]. 
Rapeseed oil was used as the feedstock of TG. TG was converted into 
fatty acid alkyl esters (FAAE) and triacins via supercritical interester- 
ification carboxylate esters as shown in Eq. (4). The highest product 
(FAME and TAG) yield of 97.7 wt% was achieved by SCMA among the 
supercritical carboxylate esters with reaction temperature at 350 °C 
and pressure 17.8 MPa. For the other carboxylate esters, yield of FAME 
was significantly low compared with methyl acetate. This is due to the 
longer alkyl chains in the other carboxylate esters that reduced the 
reactivity between TG with esters. 


Triglycerides + 3 Carboxylate ester <> 3 FAAE + Triacin (4) 


Other than that, SCMA need a longer reaction time to give a 
slightly lower yield compared with SCM and SCDMC reaction [27]. 
This is because methyl acetate is considered as weakly polar 
solvent, thus it has lower reactivity and needs a longer reaction 
time compared with other reactants such as methanol and 
dimethyl carbonate. With the longer reaction time, high degree 


of decomposition of FAME could occur and hence giving a lower 
yield in SCMA. Therefore, methods to increase the reactivity of 
SCMA should be further studied in future works. However, triacins 
in FAAE had improved some important fuel properties such as 
pour point and cold filter plugging point which suggesting SCMA 
can give a prospective alternative in biodiesel production. 

Lately, biodiesel production using SCMA had been carried out 
by Dona et al. in a tubular packed bed reactor with soy bean oil 
and macauba oil as TG feedstock [39]. Interesterification reaction 
was carried out in 57.7 ml tubular reactor that made of stainless 
steel tubing and packed with glass beads with diameter 2.5 mm. 
Initially, MA and oil were mixed according to the mass ratio and 
stirred continuously in a closed flask. The mixture of oil and MA 
were fed into the reaction system by a high-pressure liquid pump 
(Acuflow). Reactor was placed in furnace with proper temperature 
controller. Effects of reaction temperature (300-400 °C), oil to MA 
mass ratio (1:2-1:5) and reaction time (18-45 min) were investi- 
gated at constant pressure 20 MPa. According to their results, the 
highest ester yield was obtained at 83% with a minimum decom- 
position of 17% at 325 °C, 1:5 and 45 min by macauba oil. Whereas, 
for soy bean oil, the highest ester yield was achieved at 44% at 
temperature 350 °C with oil to MA mass ratio of 1:5 and 45 min of 
reaction time; with a decomposition of 48% was achieved. The 
higher FFA content in macauba oil makes macauba oil gave a 
better yield in supercritical MA. 


2.2. Two-step subcritical and supercritical fluid 


In order to have milder experimental conditions for super- 
critical fluid transesterification, Saka et al. [13] proposed two-step 
supercritical methanol method for biodiesel production. Acetic 
acid was used as the reactant in the first step subcritical hydro- 
lysis. The critical pressure and critical temperature for acetic acid 
are 5.80 MPa and 317°C, respectively. In their research, the 
hydrolysis reaction of TG is firstly induced in subcritical acetic 
acid to fatty acids and TAG as shown in Eq. (5). The obtained fatty 
acid was then subjected to supercritical esterification reaction 
with methanol to produce FAME as shown in Eq. (6). Using a 
subcritical processing state at 300 °C/ 20 MPa for the first step 
(Eq. (5)), a yield of 91% of fatty acid and 85% of TAG were obtained 
after 30 min reaction. While using a supercritical esterification 
processing state at 270 °C/ 17 MPa for the second step (Eq. (6)), a 
yield of 97% of biodiesel was produced after 15 min reaction time. 


Triglycerides +3 Acetic acid < 3 Fatty acids +Triacetin (5) 


Fatty acids + Methanol <> FAME + Water (6) 


The hydrolysis reaction between acetic acid and TG was 
reported to go through three sequential stages. Initially, TG reacts 
with one molecule of acetic acid to generate one molecule of 
monoacetyl diglyceride (MADG) and fatty acid. Similarly, diacetyl 
monoglyceride (DAMG) and fatty acid are generated from MADG 
and acetic acid. Lastly, TAG and fatty acid are generated from 
DAMG and acetic acid. Apart from that, they also compared the 
performance of transesterification reaction using methanol and 
MA with acetic acid. The reactivity of acetic acid was found to be 
higher than methanol and MA. This is because the excessive acetic 
acid and its acidity act as an acid catalyst in the first step 
transesterification reactions. Hence, reaction rate for the subcri- 
tical acetic acid with TG was higher than those of methanol or MA 
with TG. 

Other than subcritical acetic acid, Ilham and Saka [40] also carried 
out two-step subcritical-supercritical DMC for J. curcas oil to produce 
biodiesel. In their first step, the hydrolysis of TG was carried out in 
subcritical water. TG was hydrolyzed in subcritical water to produce 
fatty acids and glycerol with high temperature and high pressure at 
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Table 1 
Summary of the single-step of glycerol-free process via supercritical technology. 


Oil feedstock/solvent TCC) P (MPa) ROH:TG (molar) Reaction time (min) Reactor Maximum conversion (%) Products Ref. 

Rapeseed/DMC 350 20 42 15 Batch 94 FAME 24 
GC 
Citramalic acid 

Rapeseed/DMC 300 20 42 20 Batch 97.4 FAME 28 
GC 
Citramalic acid 

Palm/DMC 380 - 29 30 Batch 91 FAME 31 
GC 

Rapeseed/MA 350 20 42 45 Batch 97 FAME 21,32,33] 
Triacetin 

Jatropha/MA 345 20 42 50 Batch 100 FAME 34 
Triacetin 

Palm/MA 390 - 30 59 Batch 97.6 FAME 35 
Triacetin 

Jatropha/MA 400 - 50 32 Batch 71.9 FAME 36 
Triacetin 

Macauba/MA 325 20 50 45 Continuous 83 FAME 39 
Triacetin 

Table 2 summarizes the optimum condition and their respective products for 


Summary of the glycerol-free process via two-step subcritical-supercritical 
technology. 


Researches Saka et al. [13] Saka and Isayama [21] 
Feedstock Rapeseed oil Jatropha curcas oil 
Reactant used in subcritical condition Acetic Acid Water 
Temperature (°C) 300 270 
Pressure (MPa) 20 27 
Reaction time (min) 30 25 
Product FFA FFA 
Triacetin Glycerol 
Reactant used in supercritical Methanol DMC 
condition 
Temperature (°C) 270 300 
Pressure (MPa) 17 9 
Reaction time (min) 15 15 
Product 97% FAME 97% FAME 
20% Triacetin Glyoxal 


270 °C and 27 MPa, respectively. Fatty acids were extracted from the 
upper portion of the treated mixture while the lower portion was 
found to contain water and glycerol compounds. Subsequently, fatty 
acids were esterified in supercritical DMC at temperature of 300 °C 
and pressure of 9 MPa for 15 min to obtain 97% of FAME. Similar to 
first reaction, the products in the second reaction were allowed to 
separate into two layers where FAME was extracted from the upper 
portion while glyoxal in water was found in lower portion. Overall, 
FAME or biodiesel was produced as the main product while glycerol 
and glyoxal were produced as by-products. The second step of 
esterification could be modified by using supercritical methanol 
(270 °C/ 17 MPa) as shown in Eq. (6) where the product would be 
FAME and water. Nevertheless, their research has shown the possibi- 
lity of producing glyoxal which has a potential commercial application 
in perfumery, flavor, pharmaceutical and agrochemical industries. 


3. Advantages and disadvantages of glycerol-free process 
via supercritical technology 


After reviewing the single-step and two-step glycerol-free process 
via supercritical technology, advantages and disadvantages of these 
methods will be discussed in terms of utilization potential and value 
of by-products, flexibility of oil feedstock and energy consumption. 
Table 1 highlights the optimum condition and products for single- 
step glycerol-free process supercritical fluid transesterification/inter- 
esterification from different researches. On the other hand, Table 2 


two-steps glycerol-free process supercritical fluid transesterification. 


3.1. Potential and value of by-products 


In the single-step glycerol-free processes, TAG and glycerol 
carbonate (GC) were produced in supercritical MA and DMC 
technology, respectively, other than high percentage of biodiesel. 
TAG is commonly used as food additive, for instance as a solvent in 
flavoring and for its humectants function. In order to reduce 
engine knocking in fossil fuels, TAG can also be added as antiknock 
agent in engine and it can improve combustion properties of the 
biodiesel. 

In supercritical DMC technology, GC and weak acids such as 
citramalic acid are produced as value-added by-products. GC is 
commonly used as substitution for petro-derivative compounds 
such as ethylene carbonate or propylene carbonate in synthesizing 
polymers such as polyesters, polycarbonates, polyurethanes and 
polyamides, surfactants and lubricating oils [41]. Other than that, 
GC can also be used to synthesis glycidol compounds which are 
widely used in the textile, plastics, cosmetics and pharmaceutical 
industries. Adding more to the list, glycerol carbonate can be used 
in semiconductor industries as electrolytes, solvents in lithium ion 
batteries [22] and even can be used in the CO, separation mem- 
branes as replacement to ethylene and propylene carbonates [42]. 
Other than that, if citramalic acid could be obtain from the glycerol- 
free biodiesel production in high purity, it is a valuable commodity 
in pharmaceutical and cosmetic industries since it can be used to 
reduce skin wrinkle and reverse the effect of aging on human 
facial [43]. 

In two-step subcritical-supercritical technology, TAG and glyoxal 
were produced in subcritical acetic acid and subcritical water 
technology, respectively. Commercial glyoxal is commonly supplied 
in aqueous solution. It is produced from the oxidation of ethylene 
glycol with silver or copper catalyst. Glyoxal is commonly used as 
crosslinking agent in textiles to produce softer and less wrinkled 
fabric. Other than that, it can also be used in the cosmetics 
components as a starting material with ureas for wrinkle-resistant 
chemical treatments. In glycerol-free biodiesel production, glyoxal is 
produced in the aqueous solution which is ready to be used in other 
applications. The prices of TAG, glycerol carbonate and glyoxal in 40% 
aqueous solution are much higher than glycerol itself. In order to 
increase the revenue for biodiesel manufacturers, economic analysis 
for the potential by-product should be taken into consideration. 
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3.2. High process flexibility of feedstock conditions 


In conventional homogeneous alkaline catalytic transesterifica- 
tion, water and free fatty acid content in the oil feedstock can 
create a major problem [44]. The presence of water in the oil 
feedstock can cause hydrolysis of the formed FAME back to FFA [45]. 
Moreover, water will hydrolyze TG to diglyceride and FFA at higher 
temperatures. Therefore, pre-treatment on the feedstock to remove 
the water and FFA is necessary to prevent saponification reaction 
occurred. The allowance for FFA percentage in the well known 
homogenous alkaline NaOH/KOH catalytic transesterification is less 
than 1% [46]. Whereas, by using glycerol-free supercritical technol- 
ogy, various feedstock even waste cooking oil can be used without 
having the water and FFA problem. As reported by Niza et al. [38], 
the impurities of water and FFA do not give any detrimental effects 
to the product yield. The presence of water in SCMA reaction will 
induces hydrolysis of TG to produce FFA and glycerol. Subsequently, 
FFA will be esterified by MA to produce FAME and acetic acid. Then, 
glycerol will react with acetic acid to produce triacetin and water. 

While FFA in the SCMA system, it will be esterified to produce 
FAME and water, in which water as the side-product could help in 
the hydrolysis of TG process and subsequently improved the 
biodiesel production yield [9]. Hence, cheaper feedstock such as 
non-edible oils, waste cooking oils and even unrefined crude oils 
with high FFA content can be used in this glycerol-free super- 
critical fluid biodiesel production. 


3.3. High energy consumption 


Higher energy consumption has become the only weakness of 
glycerol-free supercritical technology. In renewable energy field, 
there are concerns that the energy utilized in the process is more 
than the energy provided by biofuels obtained from glycerol-free 
supercritical technology [47]. In other words, more energy is 
required to produce per unit of FAME which has less energy 
content. Therefore, in glycerol-free supercritical technology, 
energy consumption and cost effective should be taken in to 
consideration before it can be completely commercialized in the 
industry. 

In the two-step glycerol-free supercritical fluid transesterifica- 
tion, the operating temperatures were 300 °C and 270°C for the 
subcritical acetic acid and supercritical methanol, respectively. 
On the other hand, for the subcritical water and supercritical 
DMC, the operating temperatures were 270 °C and 300 °C, respec- 
tively. The operating temperatures were slightly lower in the second 
step of the two-step supercritical methanol and supercritical DMC 
as shown in Table 2 compared with the single-step supercritical 
methanol and supercritical DMC shown in Table 1. These processes 
were milder in their operating temperature and pressure. However, 


Table 3 
Comparison of the fuel properties of the BDF with the biodiesel standards. 


Property Unit ASTM D6751 EN14214 
Density (15 °C) kg/m? 0.86-0.90 
Kinematic viscosity (40 °C) mm?/s 1.9-6 3.5-5 
Pour point C 
Flash point C > 130 > 101 
Cold filter plugging point = —10 (Winter) 

C >0 

(Summer) 

Cetane number >47 >51 


the energy usage for two-step supercritical technology might be 
higher than single-step supercritical technology due to repeated 
heating and cooling in the former process. 


4. Effect of triacetin (TAG) in biodiesel quality 


Biodiesel is well known for its sustainability, non-toxic and 
biodegradable alternative fuel that has been used in transport and 
industry sectors. It reduces emission of greenhouse gases and has 
a higher flash point compared with petroleum-based diesel. The 
higher flash point has made biodiesel safer in transportation, 
storage and handling [48]. However, the lower heating value, 
higher viscosity and density of biodiesel could cause some 
problems when it is used in unmodified engine [49]. In order to 
improve the combustion and emission of engine, biodiesel can be 
added with some additives such as TAG [50]. Therefore, biodiesel 
properties such as density, kinematic viscosity, pour point and 
heating values are important factors to be taken into consideration 
in order to improve the engine performance. 

The density of a fuel will affect fuel consumption and efficiency 
of fuel atomization. The density of fossil diesel is 800-850 kg/m? 
while biodiesel has value ranging from 860 to 900 kg/m*. In the 
study by Saka and Isayama, [21] and Casa et al. [50], the addition of 
TAG causes increment in density of biodiesel fuel. According to 
American society for Testing and Material (ASTM) D6751 guide- 
lines, there is no limit range for biodiesel fuel density. Thus, the 
percent addition of TAG in biodiesel is not limited according to 
ASTM D6751. However, according to the EN14214 guidelines, range 
for desired density is limited in the range of 860-900 kg/m? which 
indicates that maximum addition of TAG is 10 wt% in biodiesel 
produced from vegetable oils [50]. 

Viscosity has an important impact on fuel injection and 
combustion. It is an index expressing the stickiness of a fuel. The 
kinematic viscosity is important to be regulated within in a safety 
range at 3.5-5 mm7?/s and 1.9-6 mm7?/s for the EN14214 and ASTM 
D6715 regulation, respectively. Biodiesel with high kinematic 
viscosity will cause the fuel unable to be sprayed in the ignition 
chamber; while low kinematic viscosity will reduce the lubrication 
effect of biodiesel in the combustion engine. In the work by Saka 
and Isayama [21], kinematic viscosity against concentration of TAG 
in methyl oleate as biodiesel reference was studied. The kinematic 
viscosity was found to increase with addition of TAG in biodiesel. 
From their study, kinetic viscosity of 4.5 mm7?/s was achieved 
with 20 wt% of TAG in BDF which is well within the viscosity 
range for EN14214 standard and similar with those reported by 
Casas et al. [50]. 

Pour point of biodiesel is defined as the lowest temperature at 
which a liquid can flow under gravity. Fuels with high pour point 


Model BDF [21,50] Remarks (maximum triacetin) 


< 10 wt% according to EN14214 


0:314=0:921 Exact limit varies with different type of biodiesel 
4.2-4.6 <20 wt% 

10 (Palm) Varies with different type of biodiesel 
—21(Rapeseed) 

158-160 <20 wt% 

11 (Palm) 


—8 (Rapeseed) Addition of TA will negatively affect CFPP 
Only beneficiary to Palm BDF 

Varies with different type of biodiesel 
<20 wt% according to ASTM 

< 10 wt% according to EN14214 


Exact limit varies with different type of biodiesel 


48-53 
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are unsuitable to be used in cold regions as fuel will congeal and 
stop flowing under its own weight. Saka and Isayama [21 | reported 
a decrease of 2 °C for a mixture of methyl oleate as the biodiesel 
reference and 20 wt% of TAG. In the study of Casas et al. [50], the 
effect of adding TAG on the pour point value was studied for 
different biodiesel feedstocks. The pour point for rapeseed biodie- 
sel and palm biodiesel decreased about 9 °C and 3 °C, respectively, 
with addition of 20 wt% TAG. With the decreasing pour point value 
of BDF, it would be favorable because biodiesel could then be 
widely used in the cold regions without giving trouble to the 
engine. 

Higher heating value (HHV) of biodiesel is the amount of heat 
released during combustion of a specific amount of biodiesel. HHV 
is measured in units of energy per mass of biodiesel. This 
parameter is very important for combustion engine because it is 
related to the consumption of fuel. TAG has a lower HHV value 
compared with biodiesel as there is higher oxygen content in TAG. 
From the study by Casas et al. [50], a 10% decrease (on basis of 
mass) in HHV value was achieved with the addition of 20 wt% TAG 
in biodiesel. In diesel engine, a fixed volume of fuel is injected into 
the engine. Thus, a higher density fuel (TAG blended in biodiesel) 
which may leads to a higher amount of fuel injected will release 
more energy during combustion. Although TAG has lower HHV (on 
the basis of mass) than biodiesel or diesel, its higher density 
increase the HHV of their mixtures expressed on the basis of 
volume. Table 3 shows the comparison of the fuel properties 
with the maximum TAG content in the biodiesel in relative to 
biodiesel standards. Hence, it has been proven that by adding TAG 
in most biodiesel blend, the quality of combustion could be 
enhanced. 


5. Economic analysis 


In order to show the benefits of glycerol-free biodiesel process, 
economic analysis is essential to shows the basic profits for the 
glycerol-free compared with the conventional supercritical methanol 
method. Economic analysis is carried out based on the cost of 
equipment involvement as well as cost of raw material and products. 


5.1. Cost of equipment 


In conventional supercritical methanol (SCM) production 
method, the biodiesel production plant can be divided into 
transesterification sections, biodiesel purification section and 
glycerol recovery section [51,52]. On the other hand, glycerol 
recovery process is not needed in glycerol-free supercritical 
methyl acetate (SCMA) and supercritical dimethyl carbonate 
(SCDMC) process. A simplified block flow diagram of SCM, SCMA 
and SCDMC is shown in Fig. 1(a)-(c), respectively. Apparently, a 
settler and a distillation column are necessary to recovery glycerol 
in SCM product stream. A settler is used to separate glycerol- 
methanol mixture with FAME while a distillation column is used 
to recycle excessive methanol from glycerol mixture and recover 
high purity of glycerol. For SCMA and SCDMC processes, products 
from transesterification do not required a settler to separate 
excessive MA or DMC with biodiesel as they are miscible with 
untreated triglyceride and FAME. Hence, thermal energy is needed 
in evaporator to recycle the excessive MA or DMC into the feed 
tank. 

In SCMA production process, TAG is produced together with 
FAME. As discussed previously, 20% of TAG in FAME can effectively 
improve the combustion quality of FAME. Therefore, energy usage 
in this glycerol-free process can be reduced since the capacity of 
distillation is substantially lower than SCM process. Next, in 
SCDMC process, glycerol carbonate (GC) and citramalic acid is 


produced with FAME. After the recycle of DMC were conducted by 
employing evaporator, separation of glycerol carbonate (GC) from 
the FAME can be done easily as GC is not miscible with FAME. 
Hence, no extra energy is needed to separate GC from FAME since 
a settler could perform separation between GC and FAME. 
Moreover, in glycerol-free biodiesel production, cost for fabri- 
cating distillation column for recovery glycerol can be reduced. 
Distillation columns are well known for their high operating cost 
in terms of fabrication, installation and even during maintenance. 
As a conclusion, by comparing the cost of equipment in the 
transesterification between SCM with glycerol-free SCMA and 
SCDMC processes, glycerol-free process is more economical as 
there is less equipment involved in the biodiesel production. 


5.2. Cost of raw materials and products 


In order to increase the economic potential of biodiesel 
production, it is important to study the economic value of the 
potential by-products. Table 4 shows the price for various 
by-products from supercritical fluid technology and also additive 
of biodiesel that is available in the market. On the other hand, 
prices for reactants and by-products in the transesterification 
reaction are shown in Table 5. In Table 4, it is clearly shown that 
the price for pure glycerol is the lowest among all the by-products. 
Moreover, glycerol produced in transesterification reaction is not 
pure and it will be very costly and not worthy to refine the crude 
glycerol to high pharmaceutical grade. Therefore, it is not profit- 
able when glycerol is produced as by-product. 

The price for GC is the highest compared with other 
by-products. The price of GC is high because the cost of manu- 
facturing is high. GC is conventionally obtained from the transes- 
terification of glycerol with ethylene carbonate or dialkyl 
carbonate in the industry. However, the separation of glycerol 
carbonate from ethylene glycol which is the by-product from the 
transesterification reaction is difficult due to the high boiling point 
for both chemical substances [22]. There are other alternatives to 
produce GC such as reacting glycerol with DMC catalyzed with 
lipase [5], carbamoylation-carbonation reaction between urea and 
glycerol [53], however the production of glycerol carbonate yield is 
low and unreliable. Until recently, the glycerol-free biodiesel 
production by using supercritical DMC technology was proven to 
be able to produce GC as by-product in a promising quantitative 
yield [54]. Hence, the revenue of the GC is high enough to 
make this method economical and beneficial to the biodiesel 
manufacturers. 

In Table 4, the price for the glyoxal 40% in aqueous solution is 
higher than glycerol. In the transesterification between FFA and 
DMC, glyoxal in water can be obtained. Although the glyoxal 
obtained was not pure with unknown percentage, it can be easily 
subjected to further purification step in order to meet the 
requirement for the commercial glyoxal in the commercial market. 
Thus, this could be a wise choice for biodiesel manufacturers to 
increase their revenue by producing glyoxal instead of the lowly 
priced glycerol. 

The price for TAG is also higher than glycerol, implying that the 
production of TAG could also increase the revenue in biodiesel 
production. Moreover, TAG can be used as fuel in engine combus- 
tion. The conversion of 125% of fuel from one molecule of TG can 
be achieved by using the glycerol-free supercritical MA technol- 
ogy. The quality of the biodiesel in engine performance would be 
increased with the presence of TAG. The viscosity, density of the 
BDF is within the regulated guidelines; the decrease of the pour 
point and the higher heating value can make the BDF to perform a 
better combustion in the engine. 
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Fig. 1. Block flow diagram for (a) SCM, (b) SCMA, and (c) SCDMC process for biodiesel production. 


Other than that, comparison was made between the prices of biodiesel additives that have different function to the biodiesel. For 
glycerol and some biodiesel additives as shown in Table 4 which example, Polar Power, Total Power, 8+ Cetane Improver from the 
have similar effects of TAG in biodiesel. There are many types of supplier of Biodiesel-Kit-Online [55]. These are the common 
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Table 4 
Price for the by-product of the supercritical fluid transesterification and biodiesel 
additives. 


Chemicals Price? (USD/liter) Supplier/brand 
By-product 

Glycerol 99% 46.75 Acros 

Glyoxal 40 wt% in water 60.60 Acros 

Glycerol carbonate 1036.00 TCI America 
Triacetin 99% 68.00 Acros 

Biodiesel additives 

Polar power 13.15 

Total power 15.00 Biodiesel-Kit-Online 
8+ Cetane improver 17.38 


* Prices of the chemical substances are based on the chemical suppliers 
(year 2013). 


Table 5 
Price for reactants and products in the transesterification reaction. 


Chemicals Price* (USD/mol) Suppliers 
Triglyceride/palm oil 0.93 Hin Lee Sawit oil 
Methanol 0.20 Acros 

Methyl acetate 2.14 Acros 

Dimethyl carbonate 6.47 Acros 

Glycerol 3.20 Acros 

Triacetin 12.85 Acros 

Glycerol carbonate 87.39 TCI America 


* Prices of the chemical substances are based on the chemical suppliers (year 2013). 


Table 6 
Gross profit margin analysis between SCM with SCMA and SCDMC for biodiesel 
production. 


SCM SCMA SCDMC 


Cost of materials (USD) (1 mol TG+3 mol reactant) 1.54 7.36 20.35 
Sales of products (USD) (1 mol by-product) 340 12.85 87.39 
Gross profit margin (%) 54.60 42.69 76.71 


additives to be added in biodiesel in order to improve the engine 
performance. These additives could decrease the pour point of the 
biodiesel to make it applicable in cold climate countries. In Table 4, it 
is clearly shown that the prices for these biodiesel additives are 
slightly lower than TAG. Once again, it is proven that glycerol in 
biodiesel production is not beneficial to biodiesel manufacturers; 
instead glycerol-free production with biodiesel additives such as TAG 
or other valuable by-product should be carried out in the industry. 

Lastly, economic analysis based on the gross profit margin was 
carried on the SCM with glycerol-free processes which are SCMA 
and SCDMC in Table 6. Gross profit margin is defined as the 
percent of total sales revenue retains after incurring the cost of 
goods sales (COGS) associated in the production [56] as shown in 
Eq. (7). Cost of goods sold (COGS) in this case referred to the raw 
materials as all the operating condition among SCM, SCMA and 
SCDMC was similar at supercritical conditions. Higher percentage 
of gross profit margin indicates that the process would be giving 
higher revenue to manufacturers. Other than that, the analysis was 
done without the sales of FAME, as it is assumed that same 
amount and quality of FAME is produced from one mole of TG in 
these three processes. 


Sales revenue—Cost of goods sold (COGS) 


x 100% 
Sales revenue 


(7) 


Gross profit margin 


From Table 6, it is apparent that the SCDMC process is having the 
highest gross profit margin at about 76.71%, followed by SCM with 
54.60%. With higher percent of profit margin, it indicates that 
SCDMC process would be gaining more profit compared with the 
conventional SCM method. Hence, the costs involved in super- 
critical fluid operation which required high temperature and 
pressure could be compensated and leads to competitive biodiesel 
processing. As a conclusion, glycerol-free processes had shown its 
potential to be implemented in the industry. 


6. Conclusion 


Biodiesel production by using glycerol-free process via super- 
critical technology has been gaining a lot of attention from 
researches. However, by using this method, there are many 
considerations that should be taken into account such as the 
energy consumption and the marketability of by-products. From 
economic perspective, the low price of the glycerol is not bene- 
ficial to the biodiesel manufacturers. Instead, glycerol-free process 
via supercritical technology with other valuable by-product should 
be carried out in the industry. By-products such as glycerol 
carbonate and triacetin are found to give higher revenue com- 
pared to glycerol which could lead to higher gross profit margin in 
biodiesel production. 
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